Given the numerous manufactured nanomaterials already on the market and expected in future, the effort for the individual investigation of hazard and risk would be enormous. To overcome this challenge, grouping of nanomaterials has been identified as one critical issue by the European Commission as well as the Organisation for Economic Co-operation and Development (OECD). In that context, several research projects have been carried out to deliver scientific input and develop approaches. This publication discusses experiences from several cases of two scientific projects with the aims to develop and review analogy hypotheses for grouping of different nanoforms of same substances for endpoints related to aquatic ecotoxicity from a regulatory point of view. Furthermore, by presenting examples of grouping attempts, it outlines the need for considerations of further aspects beside key physical-chemical parameters for grouping nanomaterials regarding environmental endpoints. The results substantiate previous educated guesses with strategically collected experimental data on issues that needs to be considered for grouping nanomaterials in regulatory context. Still, grouping of nanomaterials for the aim of joint assessment of ecotoxicity of nanoforms in a regulatory context is in its infants compared to grouping approaches of nanoforms for human health assessment. This publication features important aspects on possibilities and challenges of grouping nanomaterials for environmental hazard assessment.
Introduction
Grouping and read-across/analogue approaches are already established for chemical substances to meet regulatory data requirements by deviation from performing standard test requirements for years [1, 2] . The aim of these approaches is to predict the physical-chemical, toxicological, and fate-related properties of chemical substances based on structural similarities. If sufficient evidence is available, it should then be possible to transfer available data on the hazards of one chemical substance to another one. These approaches are intended to reduce the amount of testing necessary to determine the behaviour and effects of all individual members of a group. Beside other benefits, these approaches will lead to a reduction of the number of experiments with animals.
In short, the utilisation of analogues is one opportunity to close data gaps within regulatory information requirements on hazard. This approach can be used to predict the outcome of individual or a number of endpoints provided that appropriate data are available. In doing so, information of a substance is used to make a qualitative or quantitative hazard statement for an endpoint under review (e.g., immobilisation of daphnia) for another substance, which shows similarities for that endpoint in important aspects like mode of action, toxico-kinetics, or metabolism. Prerequisite is that for the substance physicochemical properties, effects on human health and environment or fate and behaviour in the environment can be interpolated based on the data of the reference substance(s) of the same substance group. Similarities can be based on same functional groups, structurally similar products of the physical or biological degradation, or consistent pattern in the potency change of relevant properties across the substance group. According to the Annex XI of the Regulation for Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) grouping and read-across approaches can be used if following requirements are met: the results are adequate to classify and label a substance according to the Regulation for Classification, Labelling and Packaging of substances and mixtures (CLP) and/or to assess its risk [3, 4] ; the results capture sufficiently the most important parameters which are specified by the endpoint relevant test method, and the exposure duration if relevant. The considered duration of the approach needs to be comparable to or longer than in the endpoint relevant test method, and the approach needs to be sufficiently and reliably documented.
For grouping and read across of nanomaterials, further aspects need to be considered. Here, the question concerns not only the transferability of data between different substances but also whether hazard data between different nanomaterials of the same chemical substance, the so-called nanoforms [5] , can be transferred [6] . However, grouping and read across based on molecular structural similarity alone is not sufficient to develop and verify a grouping/read-across hypothesis that allows an adequate hazard assessment of nanomaterials while avoiding individual testing of a large number of the different nanomaterials. In that context, parameters like morphology, surface properties, and shape as well as reactivity, and fate descriptors like dissolution rate or dispersion stability in relevant media are discussed for consideration beside chemical composition [7] . Several research projects have been carried out to deliver scientific input and develop approaches.
Data used for this publication were already published in Hund-Rinke et al. [8] regarding the development of a grouping scheme for ecotoxicity. Physical-chemical properties relevant for ecotoxicity were identified. Based on these properties, it was possible to group various nanomaterials differing in their physical properties and chemical composition but showing comparable ecotoxicity. In addition, data originating from Kühnel et al. [9] on conceptional considerations for grouping nanomaterials regarding their fate and effects were used. The current publication discusses these data in sense of lessons learned for the development and confirmation of analogy hypotheses for grouping of different nanoforms of the same chemical substances for endpoints related to aquatic ecotoxicity from a regulatory perspective. Using data from aquatic ecotoxicity tests representing different trophic levels (algae and daphnia), important issues were identified that are crucial when applying grouping or read-across approaches for nanomaterials in a regulatory context. This analysis aims to raise awareness on the complexity of this issue and the specific needs for consideration for a valid grouping and analogue approach for nanoforms and ecotoxicity applied in a regulatory context. It highlights what are the possibilities and challenge of the illustrated cases. With this analysis, the scientific community obtains insight of the regulatory needs and regulators gain better understanding about the challenges of available data as basis for nanospecific grouping. Here, a situation is mirrored which regulators face in their daily work when assessing scientific data of different quality and quantity which need to be used for regulatory decision-making. The findings of this analysis support the relevance of the guidance for grouping of nanoforms given by the European Chemicals Agency (ECHA) and, at the same time, give a closer look on specific details which need to be considered for grouping and read across of nanomaterials for aquatic ecotoxicity. The paper will present considerations that should be taken into account for the establishing, verifying, and amending of grouping and analogy hypotheses of nanomaterials. The examples are based on the experiences form various silver (nano) forms and nanoforms of TiO 2 , Fe 2 O 3 , and CeO 2 for the endpoints algae growth and daphnia immobilisation. As well, available characterisation and analytic information from the underlying projects of the respective publications were taken into account [10, 11] . The nanoforms were chosen as they feature intrinsic and extrinsic properties which were hypothesised to be relevant for establishing groups and, thus, were deemed to be suitable for verifying grouping hypothesis.
Information basis for approaching grouping hypotheses
The data underlying this publication were collected in two different projects. These projects were two of the first projects dealing with strategic attempts for grouping nanoforms for environmental endpoints. Within these projects together, nearly 20 substances with different numbers of nanoforms were investigated for developing grouping approaches for various objectives, also those beyond regulatory use. For the present publication, data sets on nanoforms of four substances (silver, CeO 2 , Fe 2 O 3 , and TiO 2 ) were chosen to highlight the challenges when building grouping and analogue hypotheses for nanomaterials and aquatic ecotoxicity. These examples were selected to develop, verify, and revise analogy hypotheses for grouping of chosen nanoforms for endpoints related to aquatic toxicity.
Three forms of silver were selected to (1) follow the hypothesis of a correlation between toxic ion release and increase in toxicity towards organisms as well as to (2) verify the hypothesis of shape influencing the toxicity towards organisms.
Additional examples were CeO 2 , Fe 2 O 3 , and TiO 2 representing hardly soluble nanoforms varying in various physical chemical parameters (3) . Three nanoforms of cerium dioxide (CeO 2 ) were chosen to investigate whether or not mainly primary particle size is triggering toxicity, while all other characteristics remain nearly identical. Three nanoforms of iron oxide (Fe 2 O 3 ) were used to investigate the influence of different shapes with similar primary particle sizes on ecotoxicity. Finally, the ecotoxicity of five nanoforms of titanium dioxide (TiO 2 ) was compared to figure out the similarity of effects based on doping and surface chemistry but also crystallinity.
The ecotoxicity of these (nano)forms was investigated using the standardised OECD test guidelines (TG) for determination of toxicity in algae and daphnids [12, 13] . These tests were performed not to assess the hazard to the aquatic environment but to verify and/or revise the initial analogy hypotheses and approaches, which were developed based on comparison of intrinsic and extrinsic properties.
The physical chemical characteristics of the nanoforms, preparation of suspensions, the performance of characterisation, and ecotoxicological tests with algae and daphnids as well as the investigation of the attachment of nanoforms to the green algae R. subcapitata are described in [8, 9] . In addition, for ionic silver and nanosilver data on the ecotoxicity on D. subspicatus were included as data for these forms were not generated with algae in the underlying projects [14] . Results on parameters considered as relevant for applying grouping for the investigated nanomaterials and resulting half maximal effective concentration (EC 50 ) values are shown in Tables 1 and 2 . To relate ecotoxicity to the real concentration in the water phase during testing, the recovery of the total amount of silver for all investigated forms in the corresponding test media at the end of the testing is shown in Table 3 . As no toxicity was observed for the respective nanoforms of CeO 2 , Fe 2 O 3 , and TiO 2 to daphnids according to OECD TG 202, these data are not shown and discussed.
As initial step of this study for each of the substances, groups or representatives of groups of the regarded nanoforms were proposed based on extrinsic and intrinsic properties. Furthermore, hypotheses were built for the expected toxicity potentially based on these parameters. While building these hypotheses, it needs to be considered that more than one extrinsic or intrinsic property can trigger similarity or difference in toxicity of nanoforms. As first case groups for the different silver (nano)forms were proposed and qualitative differences of their toxic potentials towards daphnia and algae were estimated (Fig. 1 ). This case serves as an example for ion releasing substances as well as for substances of different shapes and a hypothesis for grouping was deduced. As a second case, nanoforms of poorly soluble TiO 2 , Fe 2 O 3 , and CeO 2 were considered regarding defining of groups and their toxicity to algae (Fig. 2 ).
Silver nanoforms: influence of shape and solubility on toxicity to algae and daphnia Up to now, the investigation of shape-related effects on environmental organisms is quite rare. Especially, compared to fibre-induced health effects, possible implications of the so-called high aspect ratio nanomaterials to environmental organisms are hardly reported. In this study, silver in different forms including wires, nanowires, and a spherical form were chosen to investigate the influence of shape on the potency to induce hazardous effects on aquatic organisms next to the influence of dissolution.
Data on dissolution behaviour after 24 h (data can be found in [10] ) and 72 h in different media (OECD medium, ADaM medium, and water (data can be found in [10] ) of the individual forms led to the assumption that the different silver forms represent 2-3 different groups based on the amount of released ions. Based on the total amount of dissolved ions, each form could represent an individual group. Based on the percentage portion of dissolved material, the (nano)wires could represent one group, while the spherical NM300K represent another group. It has to be taken into account that the data from these dissolution experiments might not be directly extrapolated to the dissolved fraction in the aquatic toxicity test as considerable lower concentrations of nano silver were applied for toxicity testing than for testing dissolution: It is assumed that the dissolved fraction (% related to the nominal concentration) under the concentrations used in the aquatic toxicity test was higher than in the dissolution experiments [15] . However, total ion concentration in the test system can be lower or in the same range like in the performed dissolution experiment [16] . For the (nano)wires, microscopic images gave indication that a significant part was not dissolved in the test media but taken up by the daphnia [10] . Furthermore, low dissolution in the test media at test concentrations is also supported by the low-to-very low recovery of silver (nano)wires in the water phase (Table 3) indicating a low amount of available silver ions while suggesting strong sedimentation. Based on the shape and the agglomeration size in the respective test media (see Table 1 ), it was expected that the availability of the (nano)wires would be considerably lower than of the spherical nanoform. Thus, it was conceivable to rank the wire forms into one or two separate group(s), either both forms together or divided into a nano and a non-nano group next to a postulated group represented here with the spherical NM300K likewise based on solubility.
Based on the determined shape and solubility of the individual silver forms, it was hypothesised that the spherical form should be considerable more toxic to algae and daphnids than the (nano-)wires (Fig. 1) . This hypothesis was derived by the assumptions that the toxicity increases with increasing amount of available silver ions as well as on a low availability of the (nano)wires to the test organisms. However, data on daphnids (based on OECD TG 202) and algae (based on OECD TG 201) did not confirm that hypothesis on toxicity. No correlation between ion release and the toxicity in algae and daphnia was observed. For example, despite NM300K showed highest ion release, silver (nano)wires were more toxic to daphnids.
For daphnids, the (nano-)wires showed EC 50 values based on nominal concentrations (see Table 1 ) which were one magnitude lower than for NM300K, however, in the same order of magnitude like the ionic form with a slightly lower EC 50 for the nanowire (batch 1340). In addition, when considering the analytic concentration at the end of the test (see Table 3 ), the analytic EC 50 values for the (nano)wires and NM300K should be even lower. Based on that data, the toxicity of the silver (nano)wires cannot be fully explained by toxicity of the ions. In consequence, the proposed differentiation between spherical and fibre like forms seems not to be contradicted by the results of the acute toxicity tests of daphnia, but the hypothesis to predict the toxic potential of the different groups based on ion release and shape could not be verified. Furthermore, the ionic form does not seem to represent a worst case for the nanowires. Microscopic investigation of the exposed daphnids showed that a considerable amount of (nano)wires were taken up into the gut. It is conceivable that additional mechanical effects (e.g., blocking or impairment of the digestive tract) and/ or local increase in ion release due to changing conditions in the gut system compared to test media could lead to the observed increased toxicity to the daphnids.
The results for algae showed (Table 1) highest toxicity of the ionic form based on nominal concentration followed by the nanowire (batch 1340), the spherical nanosilver NM300K, and the wire (batch SRM 110525). However, when considering measured concentrations, the EC 50 of the nanowire (batch 1340) is in the same order of the EC 50 of ionic form, while effect values for spherical NM300K and the silver wire (batch SRM 110525) were one and two order of magnitude higher, respectively. Thus, for algae toxicity, it seems verified that the spherical nanosilver NM300K represents a different group than the nanowire, but, again, the hypothesis to predict the deviating toxicity potential of the different groups could not be fully verified. The ionic form can represent a worst case for the investigated silver (nano)forms regarding algae toxicity. Nevertheless, the available data of the solubility test and recovery do not indicate whether the toxic effects are fully explainable by the release of silver ions. Microscopic images gave evidence that, for the (nano) wires, a significant part was still undissolved and images with the nanowire (batch 1340) gave indication that it interacts with the algae [10] . Thus, mechanical effects of the nanowire due to skewing and/or local increased ion release at the algae cell wall could be a possible explanation for an increased toxicity of the nanowires compared to the wires or NM300K, respectively. For the wire (batch SRM 110525), it remains, thus, unclear if it represents another group than the nanowire (batch 1340) based on the difference in toxicity or if it is part of the same group considering that, within the group, a gradient of toxicity can appear. To properly assign these forms into one or different groups, more examples of such nano(forms) need to be included in the examination.
Comparing the toxicity of NM300K on growth of the algae species R. subcapitata and for D. subspicatus, differences in the toxic response can be observed. This might be caused by inter-laboratory variation or differences in sensitivities of both species to nanomaterials. Higher sensitivity of R. subcapitata compared to D. subspicatus to nanomaterials was observed for different nanoforms of Fe 2 O 3 and SiO 2 or for metal compounds [9, 17] .
Nanoforms of TiO 2 , CeO 2 , and Fe 2 O 3 : Influence of agglomeration, reactivity, and solubility on toxicity to algae
In this study, also poorly soluble nanomaterials (different nanoforms of TiO 2 , CeO 2 , and Fe 2 O 3 ) were investigated to better understand the relevance of the parameters size, agglomeration size, reactivity, and solubility on grouping. Differences in toxicity might arise due to the variance in the primary particle size of CeO 2 nanoforms NM 211 compared to NM 212 and NM 313 and the rod like Fe 2 O 3 _nano_B compared to the spherical Fe 2 O 3 _nano_A and Fe 2 O 3 _larger. For TiO 2 , the situation is more complex. On one hand, some of the nanoforms have comparable sizes: e.g., the undoped anatase and the Fe-doped TiO 2 or the NM104 and NM105, respectively. However, on the other hand, all forms considerably differ due to their crystallinity, surface chemistry, or doping. However, a closer look on agglomeration size, reactivity, and solubility do not show clear differences or trends except the reactivity on NM 105 under irradiation. Proposed groups of the different nanoforms of TiO 2 , CeO 2 , and Fe 2 O 3 and hypotheses on the expected toxic potential to algae can be found in Fig. 2 .
Toxicity testing of algae revealed EC 50 values differing between one and three orders of magnitudes between the different nanoforms of all three substances and did not confirm the hypotheses for the expected toxicity (see Table 2 ). Substance-wise, a relationship between toxicity data and data on primary particle size as well as on solubility, reactivity, and data on agglomeration size in the test media for these nanoforms could not be found. To screen for alternative explanation for toxicity, i.e., an attachment of the various nanoforms to algae cells, a growing culture of algae was exposed to a 100 mg/L suspension for 1 or 3 h [9] .
In the Additional Information of [9] [18] . This might also explain differences in sensitivity of distinct species of algae as depicted above.
In contrast to this observation, the reasons for differences in algae toxicity of TiO 2 forms seem to be more complex. A direct relation of the toxic potential with primary particle size, agglomeration size in test media, crystallinity, or the presence of a doping could not be observed. Even more, NM 105 which showed highest reactivity under DMPO (5,5-dimethyl-1-pyrroline) and irradiation was not the most toxic TiO 2 nanoform under investigation.
Within the attachment tests, except from the undoped anatase nanoform, all investigated TiO 2 nanoforms visibly form big agglomerates which settle to the bottom of the vessel, with NM 104 showing the biggest agglomerates. These differences in behaviour are reflected in the EC 50 values showing the lowest EC 50 for the undoped anatase nanoform and a two magnitudes of order higher EC 50 for NM104 (165-fold compared to the anatase nanoform) featuring the highest EC 50 of the investigated TiO 2 nanoforms. Still, the agglomeration alone did not explain the differences or sameness in the EC 50 values for the other forms. The Eu-doped rutil nanoform with an EC 50 value in the same range of the undoped anatase form shows likewise a strong interaction between algae and the particles; the algae are completely covered. For the Fe-doped rutil nanoform which features EC 50 value of one magnitude higher than the Eu-doped rutil nanoform, the coverage is less pronounced; still, some of the observed algae cells are fully covered by the particles. NM 104 shows strong agglomeration in the test system and attachment to the algae is less pronounced compared to the already described forms. This nanoform shows the highest EC 50 value of the investigated TiO 2 nanoforms. Based on visual examination of the pictures presenting the attachment of NM 105 to algae [9] , the degree of attachment is questionable; still, the EC 50 value is one order of magnitude lower than for NM 104. However, as mentioned above, NM 105 showed a higher reactivity in DMPO measurements, which may indicate that despite the lower attachment compared to the anatase or doped TiO 2 nanoforms, NM 105 could cause higher toxic effects due to its surface reactivity.
In consequence, the assumed qualitative differences in the toxicological potential for the investigated nanoforms of CeO 2 , Fe 2 O 3 , and TiO 2 were not confirmed. Here, further aspects like attachment of the nanomaterials to algae need to be considered to improve grouping hypotheses. For CeO 2 and Fe 2 O 3 , this assumption seems more reasonable than for TiO 2 . However, the diversity of TiO 2 nanoforms is higher which leads to more complexity.
Conclusions
Grouping of nanoforms of a substance with the aim to transfer available data on a hazard endpoint from one nanoform to another one is one major tool to address the challenges in the assessment of countless nanomaterials. While the understanding of grouping of nanomaterials for comparable toxic effects on human health considerably progressed, analogous principles for environmental health are still at the beginning. This evaluation tried to build and verify grouping hypothesis for selected nanoforms of the same substances based on available data from two research projects to investigate the relevance of physical chemical properties as indicated, e.g., by ECHA guidance. Even though it was not possible to deduce a final conclusion for valid grouping for the considered cases yet, the results support the guidance given by ECHA that, beside key parameters like solubility, shape, and agglomeration, other aspects like interaction with the investigated organism need to be taken into account. So far, assumptions on aspects relevant for grouping and analogy approaches for nanomaterials on environmental endpoints for regulatory use mainly based on educated guesses deduced from a synopsis of available data on environmental fate and effects. These are now substantiated with strategically collected experimental data. Still, the results indicate that the prediction of the ecotoxicological potential of nanoforms remains very challenging due to the interplay of various intrinsic and extrinsic properties of nanoforms and thereby limited.
Several aspects were identified that need to be considered for deriving grouping hypotheses of nanoforms based on aquatic toxicity:
i. Dissolution, agglomeration, and sedimentation are important descriptors to understand the fate and uptake routes of nanomaterials in the test system. However, it is inappropriate to exclude the occurrence of hazard only based on this information as agglomeration and sedimentation or insolubility do not automatically prevent availability to or uptake by organisms. ii. For certain nanomaterials, the attachment to algae seems important for the prediction of adverse effects. Based on the presented data, the attachment to algae is not directly predictable from the measured agglomeration size or observed settling behaviour. Changed conditions at the surface of the organisms due to, e.g., exudates may alter nanomaterial behaviour and, consequently, lead to an attachment to the algae depending on nanomaterial properties. iii. The chemical milieu inside the organism (e.g., gut) or high internal concentration of nanomaterials may lead to an increased local ion release that is not apparent from the solubility in the test media. iv. Mechanical impacts leading to a blocking of organisms organs or impairment of physiological processes may contribute to the observed effect and, therefore, need to be considered for grouping hypothesis. v. To be able to identify a potential gradient of toxicity within a group and to define group boundaries, more nanoforms than examined in this study with slightly changing parameters need to be investigated.
For the scope of this evaluation (building and revising grouping hypothesis ecotoxicity of nanoforms based on intrinsic and extrinsic properties), it became obvious that essential analytical data are missing, e.g., time-dependent characterisation of dissolution kinetics. The relevance of the individual properties for grouping can neither be ranked nor judged based on consideration of only one single parameter or jointly deduced for all ecotoxicological endpoints. Therefore, the defined groups and toxicity hypotheses still need to be verified by further investigation and care should be taken on which information a hypothesis is based on. Furthermore, for other endpoints, substances, or nanoforms other outcomes than achieved in the presented projects are conceivable as grouping and analogue approaches in regulatory context are case-bycase considerations.
In the current situation, it needs to be carefully evaluated for the individual case under consideration how much effort should be made performing testing for a robust and reliable grouping hypothesis compared to the effort to directly determine the effect data for ecotoxicity of individual nanoforms.
